Isolated Escherichia coli K-12 cell envelopes or Bacillus subtilis 168 cell walls were reacted with smectite or kaolinite clay in distilled deionized water (pH 6.0); unbound envelopes or walls were separated by sucrose density gradient centrifugation, and the extent of adsorption was calculated. At saturation, both clays adsorbed approximately 1.0 mg (dry weight) of envelopes or walls per mg (dry weight) of clay. Clays showed a preference for edge-on orientation with both walls and envelopes, which was indicative of an aluminum polynuclear bridging mechanism between the wall or envelope surface and the clay edge. The addition of heavy metals increased the incidence of planar surface orientations, which suggested that multivalent metal cation bridging was coming into play and was of increasing importance. The metal-binding capacity of isolated envelopes, walls, clays, and envelope-clay or wall-clay mixtures was determined by atomic absorption spectroscopy after exposure to aqueous 5.0 mM Ag+, Cu2", Cd2+, Ni2+, Pb2+, Zn2+, and Cr3+ nitrate salt solutions at pHs determined by the buffering capacity of wall, envelope, clay, or composite system. The order of metal uptake was walls > envelopes > smectite clay > kaolinite clay for the individual components, and walls plus smectite > walls plus kaolinite > envelopes plus smectite > envelopes plus kaolinite for the mixtures. On a dry-weight basis, the envelope-clay and wall-clay mixtures bound 20 to 90% less metal than equal amounts of the individual components did. This reduction in metal-binding capacity indicates that the adsorption of the wall or envelope to clay has masked or neutralized chemically reactive adsorption sites normally available to metal ions. Transmission electron microscopy and energy-dispersive X-ray spectroscopy confirmed these results and gave high spatial resolution to the regions of high binding density. For example, small electron-dense precipitates were seen associated with Ag-, Pb-, and Cr-exposed B. subtilis walls, but not with any of the composites or with E. coli envelopes.
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The development of effective waste disposal strategies is of increasing environmental concern (18) . Heavy-metalladen effluents in industrialized nations, in particular, constitute a major problem because many metallic species are toxic, have long residence times, and have long biological half-lives (17) . At present, much of the toxic heavy-metal waste generated by industry is dumped for containment in landfill sites. Although this effectively eliminates immediate toxicological risks, some metals eventually leach through the soil into the vadose zone. Unfortunately, little is known about the behavior of dissolved metallic ions in porus aggregates such as natural soils, sediments, and groundwater systems, because of the complexity of these systems. These porus aggregates are variable composites of mineral particles, microorganisms, organic and inorganic solutes, and biological debris; depending on locations and depth, they are subject to a varied hydrological regime and to compaction. A better understanding of how porus aggregates and their biofilms influence the transport and fate of heavy metals is therefore needed, not only for the development of improved methods of waste disposal, but also to provide information relevant to present and future environmental risk assessment.
The metallic ion adsorption capacity of soils is controlled by aluminosilicate clay minerals (such as smectite [formerly montmorillonite] and kaolinite), oxides, hydroxides, and organic matter. At circumneutral pH values, clays usually carry a net negative surface charge and function as cation exchangers. Similarly, soil organic matter is capable of binding significant quantities of dissolved metallic ions. In addition, organoclay aggregates can form through attractive van der Waals interactions, hydrogen bonding, or ion bridging (39) . These composites must exert a strong influence on the chemical reactivity of soils or other porus aggregates, but most of the previous metallic ion adsorption studies have focused on clays or organic matter as individual components rather than mixtures of the two.
Microorganisms abound in soils and sediments and prefer to adhere to and coat mineral particles as they grow; they use the interfacial effect to help concentrate nutrients and effectively encase the particles in a biofilm (8, 31) . In nature, it is rare to encounter soil particles not enshrouded with microorganisms and their debris. Indeed, most of the organic matter (e.g., humic or fulvic acids) in soils is produced during microbial decomposition of plant, animal, and microbial polymers. At least some of the more durable organic polymers arise directly from cell envelopes and walls of degraded bacteria.
In the present study, we chose to use isolated Escherichia coli envelopes (outer membrane-murein layer-plasma membrane) and Bacillus subtilis walls (peptidoglycan-teichoic acid) as representative particulate remnants of lysed bacte-INTERACTION OF BACTERIAL SURFACES, CLAYS, AND METALS ria. These bacterial fragments are chemically bonded together to form robust structures that are not easily degraded without specific enzymatic attack. In situ electron-microscopic observations have convinced us that they are natural residents of sediment and soil systems (14, 15) and are therefore good model representatives.
Previously, we have used E. coli and B. subtilis walls to characterize gram-negative and gram-positive metal-binding systems, respectively; the chemical composition and metalbinding characteristics of these cellular structures are well documented (5-7, 26, 27) . At the same time, many metalbinding studies have been performed on purified clays, especially smectite and kaolinite, as representative of model clay-soil systems (10, 11, 21, 36 subtilis walls (Fig. 1A ) and E. coli envelopes (Fig. 1B) The orientation of clay particles with respect to either bacterial system in these mixtures was examined by EM of stained thin-sections (Fig. 2) . Kaolinite could be distinguished by its characteristic euhedral shape, whereas smectite morphology was ill defined. In general, the clays associated in an edge-on orientation to the walls and envelopes. As a consequence, the walls and envelopes served as bridging structures between clay particles and promoted the formation of macroscopic flocs which were visible by eye. The largest flocs (ca. 1 mm in diameter) were seen in the wall-kaolinite system, which readily settled to the bottom of the test tube in 30 min. The flocs in the other composite systems were smaller but still visible. No flocs were seen in the single-component controls.
EM examination of heavy-metal-treated samples showed that walls bound to the planar surfaces of the clays as well as their edges (data not shown). This was especially easy to identify with kaolinite because of its euhedral shape. Clearly, metal ions and their ionic species altered the normal adsorption forces between clay and wall. The similar binding capacity of both clays for the cellular constituents, together with the EM data, suggests that neither constituent was adsorbed within the interlamellar region of smectite; these wall-envelope fragments were too large. 28 4 a Calculated from average uptake for each component of the mixture in Table 2 . b The data represent duplicate experiments with averages from three to five determinations and the standard error, as in Table 2 .
tion of the organic fraction to the metal-binding phenomenon (Table 4 ). With the exception of the Cu and Ni envelopesmectite situations, the organic constituents provided more than 70% of the heavy-metal-binding capacity, and usually it was even higher than this.
With the exception of kaolinite, individual walls, envelopes, and clays and their mixtures tended to remain in suspension for prolonged periods before metal treatment. The addition of metal ions induced flocculation and sedimentation of the suspensions; this occurred in both the individual and mixed-component systems. The degree and rate of flocculation differed in each case, depending on the wall, envelope, or clay system and the type of metal ion added (data not shown).
EM and EDS. With few exceptions, unstained thin sections and whole mounts of metal-loaded bacterial walls and envelopes had higher contrast than the controls did. The walls gave diffuse electron-scattering profiles, as previously shown (6) , and the envelopes gave the laminated profiles expected for a multibilayer system (5) (data not shown). EDS confirmed that this enhanced contrast was due to sorbed metal ions. Clays are naturally electron-dense materials, and therefore metal-enhanced electron scattering could not be observed by EM; however, EDS analyses of the walland envelope-clay composites showed that the majority of metal retained was associated with the bacterial components.
Small, electron-dense precipitates were observed by EM in whole mounts of B. subtilis walls that had been treated with Pb2+, Cr3+, and Ag+ (Fig. 3A, B , and C, respectively). These precipitates were not observed on every B. subtilis wall, nor on any of the E. coli envelopes examined. EDS analyses (Fig. 3, right-hand panel) and selected-area electron diffraction analyses (insets) confirmed the electron-dense areas to be lead oxyhydroxide-carbonate, elemental Ag, and Ag  91  100  100  80  Cu  73  99  97  47  Ni  79  99  98  52  Cd  100  99  97  100  Pb  82  99  99  68   Zn  94  99  99  89  Cr  92  98  93  72 a Calculated from the data in Table 2 .
an amorphous Cr precipitate (which did not generate a diffraction pattern). DISCUSSION In soil and sediments, clays rarely exist as individual packets, nor does organic matter exist as pure material, but, rather, they exist as microaggregates resulting primarily from electrokinetic interactions: electrostatic and chemical forces (39) . Aggregate formation, or attraction between small particulates, is dependent on a number of environmental factors including pH, ionic strength, and electrolyte composition. Electrostatic interactions usually predominate in soils owing to the surface-active nature of its particulates (organic debris,, bacteria, clays), i.e., large surface areas, localized surface charges, and net charge potentials which are often anionic. Therefore, heavy-metal cations are important in soils, since they can interact and interfere with natural composite behavior. At the same time, heavy-metal mobility can be altered by the type, quality, and quantity of each of the organic and inorganic soil ingredients. These phenomena are still not thoroughly understood.
Our adsorption studies showed that in the absence of heavy metals, the clay and bacterial ingredients reacted (sorbed) in an edge-on orientation. B. subtilis walls (6) and E. coli envelopes (5) are anionic above pH 3, owing to deprotonated functional groups (carboxyl and phosphoryl) in the wall fabric; clays also have a net negative potential, owing to localized negative charges at the surface of the silica sheets and on the surface edges (20, 39, 40) . In the absence of multivalent cations for salt bridging, charge-charge repulsion between wall and clay surfaces should inhibit aggregate formation. However, we found that under these conditions, clays adsorbed to walls with a preferred edge-on orientation, which produced floc formation. Aluminum is a natural constituent of these clays and can be hydrolyzed to form highly electropositive hydroxy ions (28) . For edge-on orientation, it is possible that polynuclear complexes such as (AI13(OH)32)7+ or (Al13(OH)30)9" are present (28) and act as bridges between negatively charged carboxylate and phosphate groups of the walls or envelopes and the negatively charged octahedral clay edge sites of either smectite or kaolinite. These charges arise as a result of the following reactions:
Al-OH-312 + H30+ -Al-OH-1/2 + H20 (1) and A1-OH-112 + H30+ -Al-OH+1/2 + H20 (2) The pKaS of reactions 1 and 2 are 6.5 to 7.5 and 5.0 to 5.6, respectively (42) . The silanol edges of the clays may also be negatively charged as a result of acid dissociation: APPL. ENVIRON. MICROBIOL. Si-OH + H20 = Si-+ H30+ (3) They may also contribute to the binding because of the same polynuclear bridging mechanism. For the silanol groups, the direction of reaction 3 is pH dependent and the pKa lies between 6.8 and 9.5 (42) . (23, 35) . At high pHs, heavy metals can also induce a net charge reversal from electronegative to electropositive on pure mixtures of kaolinite and smectite, allowing cation bridging to occur between negatively charged surfaces (39) .
The metal-binding capacity of individual particles arises from their net electronegativity and their ability to form electrostatic and chemical bonds which, together, are reflected in their cation exchange capacity. The relative metalbinding capacities of each component used in this study, in decreasing order, were B. subtilis walls > E. coli envelopes > smectite > kaolinite. The greater metal-binding capacity of B. subtilis walls than E. coli envelopes has been reported previously (5, 6) and has been attributed primarily to the larger quantity and higher charge density of peptidoglycan in the gram-positive wall, the moiety responsible for much of the metal binding (26, 27) . Although the surface (outer membrane) of the envelopes also possesses numerous charged groups, these are normally neutralized by multivalent metal ions which are required for its structural integrity (13) .
The increased metal-binding ability of smectite over kaolinite has been widely demonstrated and reflects the higher cation exchange capacity of smectite than kaolinite (80 to 120 and 3 to 5 meq 100 g-1, respectively [2, 20] The metal-binding capacity of the wall-and envelope-clay mixtures followed the same trend observed for the individual components: walls plus smectite > walls plus kaolinite > envelopes plus smectite > envelopes plus kaolinite. Our EDS results showed that the bacterial components were largely responsible for the metal immobilization. With the exception of walls plus smectite incubated with Cd2+, all of the wall-and envelope-clay mixtures retained less metal than that predicted by their individual behavior. This decreased metal retention is a direct result of the cation-enhanced aggregation between the bacterial and clay entities; the clays probably physically block regions of the bacterial surface (and vice versa), reducing the cation-binding capacity. Other studies have also indicated that certain wall-associated activities of live cells are reduced upon cell adherence to a surface or adsorption to clay particles (16, 24, 25) .
Upon treatment with heavy metals, the gram-negative cell envelopes gave diffuse, bilayer, electron-scattering profiles as described by Beveridge (3) and Beveridge and Koval (5) . In the presence of most metals, the gram-positive walls also gave this diffuse metal-staining profile; however, incubation with Pb2+, Cr3+ and Ag+ produced electron-dense deposits of lead oxyhydroxide-carbonate (white lead), an amorphous Cr precipitate, and elemental Ag, respectively, as determined by EDS, selected-area electron diffraction, and X-ray diffraction analyses. This type of elemental deposition has been noted previously only on B. subtilis walls (6, 7) and Clostridium tetani spores (4) incubated with gold chloride.
Metal deposition by B. subtilis walls appears to be a complex process involving first a stoichiometric exchange or chemical reaction, followed by precipitation or chemical reduction of the metal and crystal formation and growth (3). The carboxyl groups of the peptidoglycan are largely responsible for metallic cation binding (7) . In our present study, it is not known exactly why metal deposition occurs only in select walls, how reduction occurs, or why other metal ions do not behave in a similar way. However, previous studies (37, 38) have shown that most charge occurs at the wall surface and that discrete regions have higher charge character than other regions. Recent information about another peptidoglycan system suggests that the chemotype of murein is much more complex than was originally suspected (19) ; to a certain extent, the chemotype depends on the cellular growth stage. It is possible that the select wall fragments which show heavy deposition of elemental metal are those that are at a specific growth stage in which the peptidoglycan chemotype has furnished the surface with a higher charge density than normal. These fragments would not only compete with other walls for cationic metal sorption, but may also have enough reducing power for the spontaneous reduction of Ag+ to its elemental form. Silver has a high positive standard reduction potential (+0.799) and is an oxidizing agent (41); other metals in our study may not behave in the same manner because they have much lower reduction potentials.
The present study was conducted to determine the effect of clay sorption on the metal-binding capacity of bacterial walls and envelopes. The results indicate that metal binding was substantially reduced in wall-and envelope-clay aggregates; this reduction is attributed to a physical blocking of negatively charged sites in the cell walls and envelopes by the sorbed clay particles. The contribution of the clays to heavy-metal binding is small compared with that of the organic constituents of these composites (Table 4) . These results suggest that small remnants of bacterial walls in soil, adsorbed to clay particles, would increase the metal-binding capacity of the soil. At the same time, they suggest that the overall efficiency of biosorbents (on a heavy-metal sorption to total mass basis) will be reduced if clays are present.
An important question arising from this work addresses the stability and immobility of metals bound by wall-and envelope-clay complexes when compared with metals bound to the walls or clays alone. We are currently investigating the remobilization of this heavy metal retained by walls, clays, and aggregates after treatment with biochemical and chemical agents present in natural environments. Studies of this nature will provide essential information concerning the mobility of heavy metals currently stored in waste disposal sites, assessment of risk in heavy-metal storage, and the choice and design of waste disposal sites.
